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Double neutralization of virus particles obtained from mixed infections has 
been observed for myxoviruses (1--4)  and  for polioviruses  (5).  Usually--and 
particularly for antigenically unrelated viruses, as influenza A and B, or polio- 
virus Types 1 and 2--the doubly antigenic virus proved to be unstable on pass- 
age. This led Gotlieb and Hirst (2) to suggest that the phenomenon could be 
explained by phenotypic mixing. This phenomenon has also been demonstrated 
for bacteriophage (6). Because enteroviruses (7) share a  number of properties 
in common, Benyesh et al.  (8) initiated a study to determine whether mixed in- 
fections might occur between them. The results of these investigations suggested 
the possibility of phenotypie mixing between poliovirus Type 1  and  ECHO 
virus Type 1 (8, 9). From the experiences with the first series of trials, it was 
felt that the problem could be studied more satisfactorily by the use of a single 
cell technic. The present experiments have made use of such a  technic for the 
study of mixed infections among another pair of enteroviruses, ECHO 7 (ET) 
and Coxsackie A9 (CAg). 
Monkey kidney cells, doubly infected with E7  and  CA9 viruses,  were iso- 
lated under oil in separate microdrops of media. The antigenic character of the 
virus strains produced by the doubly infected individual cells was determined 
by means of differential plaque counts in the presence of the parent antisera. 
Antigenic analysis of the second and third generation progeny was carried out 
by tube neutralization tests. Some of the progeny were tested for pathogenicity 
in newborn mice. As in the earlier experiments with a different pair of entero- 
viruses (8, 9), the results of these studies support the interpretation of pheno- 
typic mixing of the two viruses, but not a stable genetic recombination. 
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Materials and Methods 
Virus Strains.--The Garnett strain of ECHO  7 virus and the Grigg strain of Coxsackie 
Group A Type 9 virus were used. Both were isolated from patients with aseptic meningitis in 
1953  and  1951  respectively,  by the use  of  monkey  testicular cultures.  Subsequently both 
viruses had been through 13 to  14 passages in monkey kidney cultures. Each virus strain 
was  purified by plaque passage before use  as inoculum for the production of stock virus. 
C-H  medium  consisting of  Hanks'  salt  solution supplemented with 0.1  gm.  cysteine,  2.5 
gm. glucose, and 1.7 gin. NaHCOs per liter, proved satisfactory as a  protein-free maintenance 
medium for the cultures during growth of the stock viruses. A large inoculum was used and 
the whole culture was frozen after 24 hours of incubation, when advanced cellular degeneration 
was already evident. The final stock was prepared by thawing the cultures, and centrifuging 
the fluids to remove celt debris. It was kept at  -20°C.  in aliquots, for use throughout the 
study. The E7 virus had a titer of 10 PsaFU/ml., and the CA9 virus, 109"° PFU/ml. (PFU 
plaque-forming unit). 
Antisera.--Hyperimmune pooled monkey sera were used. They were prepared by repeated 
inoculations of live virus grown in monkey kidney cultures. The E7 serum was used unheated 
at a  1:100 dilution; at this dilution it neutralized 104.5 TCDr0 of homologous virus, and  at 
this or higher concentrations it had no effect on the CA9 virus. The CA9  serum  was  used 
at  1:100 or  1:200; both dilutions were found to neutralize 103'3 TCDr0 of CA9 virus, but 
to have no effect on the E7 virus. At a dilution of 1: 32 the CA9 serum had a minor inhibitory 
effect on the E7 virus, neutralizing 10 TCDs0. Normal monkey serum in dilution of 1:100 was 
used to substitute for the specific antiserum in the control parts of the experiments. 
Cultures.--Rhesus  (Macaca mulatta) or patas  (Erythrocebus paras) kidney cultures were 
prepared as already described, using lactalbumin medium, with Earle's solution substituted 
for Hanks' for maintenance (hereafter designated as M-E and M-H media)  (10). The bottle 
technic was  used  for  plaque  production  (11).  Unless specified  otherwise,  monkey  kidney 
cultures refer to those prepared from rhesus. 
Procedure  for Isolation of Single Cells  1 Infected ~ith Two Viruses.--Cell sheets grown either 
in 3 ounce bottles or in roller tubes were drained and seeded with undiluted stock viruses. 
C-H medium was added in amount just sufficient to cover the entire call sheet. The cultures 
were then incubated at 37°C. during the period of virus adsorption, during which the cultures 
were rocked gently several times to assure a  uniform distribution of the virus. To maintain 
the highest possible proportion of doubly infected cells, various time intervals between inocu- 
lations with undiluted materials were used, rather than using different dilutions of virus. The 
times at which the two virus inocula were added varied from experiment to experiment, as 
described below. 
After an adsorption period of at least 2 hours beyond the second inoculation, the culture 
vessels were emptied and washed 3 to 5 times with !0 ml. of M-H medium. Washings to be 
titrated for virus were frozen immediately to prevent any infected floating cells from pro- 
ceeding to maturation of new virus. The virus titer in the last washing was 0.01  to 0.001 per 
cent of the initial value; this could not readily be reduced by further washings. 
After washing, the cells were removed from the glass by versene treatment as used in this 
laboratory (13), and the clumps broken up by drawing them back and forth vigorously through 
a pipette. The versene-dispersed cells were again washed by centrifugation and resuspension 
by gentle pipetting in fresh media. The cell-free virus recovered in this procedure exceeded that 
found in the last washing of the intact cell sheet. Washing of the cell suspension was repeated 
1 to 3 more times. 
z The single cell technic used here was developed by Dr. Francis L. Black, as a modifica- 
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The dispersed, washed cells were counted in a hemocytometer with crystal violet stain and 
made up to a  concentration of 2,000 or 3,000 cells per ml. in C-H medium (plus 10 per cent 
calf serum but without NaI-ICO3)  or in M-E medium. The cell suspension was distributed in 
small droplets in a Petri dish of 10 cm. diameter, by means of a fine capillary pipette, 60 to 80 
microdrops in each dish. The dishes used for this purpose were cleaned only with detergent 
and water; when they were add-cleaned, the droplets spread over the glass. The dish with 
the droplets was now flooded with about 10 ml. of oil  s which had been shaken with an equal 
volume of the balanced salt solution and allowed  to  stand overnight or longer.  This pre- 
saturation of the oil prevented the leaching of the aqueous fluid from the droplets. 
The droplets were examined microscopically and distinguishing crayon marks were placed 
on the underside of the dish below those drops with a  single cell or with no cell at all. Here- 
after the former wiU be referred to as single cell microdrops and the latter as control micro- 
drops. 
When the suspension contained 2,000 cells per ml., some 30 per cent of the microdrops were 
found to contain isolated single cells. Assuming a Poisson distribution of individual cells, the 
average number of ceils per 100 microdrops was calculated as 50. By this method, therefore, 
1 ml. of cell suspension could be distributed into 4000 microdrops, and the volume of the aver- 
age microdrop was  0.25  c.mm.  Thus,  although the  titers of the final washings of the cell 
suspension ranged from 103.5 to 105.8 TCDs0 per ml., the subsequent dilution of the suspension 
and the minute size of the microdrop would have reduced the amount of virus per microdrop 
volume to 1/40 to 1/2,500 TCDs0 in most experiments. 
The whole procedure from the first inoculation of the cultures to the setting out of the 
microdrops was carried out in 61~ hours or less, before any cytopathic effects were recognizable. 
In accordance with the results of preliminary tests, the microdrops were usually incubated for 
14 go 23 hours after infection, to obtain the maximum proportion of harvests positive for virus. 
After incubation the entire dish with microdrops was frozen to release virus particles associated 
with the cell, and stored in this way until immediately before harvesting. After about 2 to 3 
days of storage, each dish was thawed at room  temperature.  The marked mierodrops were 
harvested by capillary action in a  fine-tipped pipette.  The pipette could easily be passed 
through the layer of oil into the aqueous phase without becoming flied with the rather viscous 
bayol. Under the above conditions about half the cells were lysed by the single cycle of freezing 
and thawing, but no marked damage was microscopically recognizable in the others. These 
cells,  seemingly intact, were not always picked up with the fluid of the droplet. The harvested 
fluid was blown from the capillary pipette into 1.0 ml. of M-E medium and the pipette rinsed 
several times in the fluid. The diluted microdrops were stored frozen until tested. 
Screening of Positive Specimens and  Subsequent Characterization.--The  system  used  to 
detect possible genetic interaction in the doubly infected cells is depicted diagrammatically 
in Fig. 1. Positive specimens were seleeted by inoculating 0.2 ml. of each microdrop fluid into 
a monkey kidney tube culture and observing it for the appearance of cytopathic changes. The 
positive cultures were frozen when at least half the cells were affected. If needed for further 
study, they were thawed and clarified by centrifugation. In the text they are designated as 
first tube-passaged virus (TI virus). 
Those microdrop fluids which proved to  be positive were  tested for doubly neutralized 
particles by means of differential plaque count,  in the presence of  each parent  serum  and 
normal monkey serum. From each positive microdrop, 0.15 ml. of fluid was mixed with an 
equal volume of E7, CA9, and normal monkey serum, respectively. The mixtures were kept 
at room temperature for 1 hour and then 0.2 mi. of each mixture was inoculated into a drained 
monkey kidney bottle culture. The bottles were then overlaid as usual with a  medium con- 
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taining 0.375 per cent NaHCOa and incubated at 37°C. In the absence of any interaction of 
the two viruses in the microdrop, the sum of numbers of plaques in the CA9 serum bottle and 
the E7 serum bottle should equal the number of plaques in the control bottle. If part.ides 
with doubly antigenic characters existed, the plaque number in the two bottles with antisera 
would be less than that in the control bottle.  (Most differential plaque counts were carded out 
on the microdrop fluids as shown in the figure, but some viruses at other passage levels were 
also tested.) 
Microdrop  ~  I  Microdrop  Specimen 
Differential Plaque Counts in Presence 
of Indicated Serum  ~-~ "  oJ 
CA9-AS 
'  NoSerum ~ 
E'7 AS 
, ~  Newborn  Mouse 
FIo. 1. Methods used for characterization of viruses in a single cell yield and in the plaque 
progeny of such virus particles. (See text for detailed explanation.) 
Picking Plaques.--To  obtain plaque-passaged  virus,  the  microdrop  specimens were  re- 
plated under agar at a dilution calculated to yield about 2 or 3 plaques per bottle. No antisera 
were included in the overlay. Three to 4 days later when the plaques reached a suitable size 
for picking, the edge of each plaque was scraped through the aga~ with an L-shaped capillary 
pipette to pick up some of the infected cells near the plaque margin. In order to be selected 
for picking, plaques had to be located at least 2 cm. apart, so as to avoid the possibility of 
contamination with virus that had diffused through the agar. The harvested sample, consisting 
of an agar core,  cells,  and cell debris, was transferred into 2.0 ml. of M-E medium,  mixed 
vigorously, and kept frozen until tested. This material will be referred to as plaque extract 
and the virus in it as virus in its first plaque passage (P1 virus). 
Neutraligatitm Tests on Plaque Extr~ts.--Plaque extracts were  identified by  a  simplified 
neutralization test. Tube cultures of monkey kidney were changed with 0.5 ml. of M-E medium 
or 0.5 mL of 1:500 dilution (equivalent to 0.1 ml. of 1:100 serum) of either parent antiserum 
in M-E. Aliquots of plaque extract, 0.5 ml. each, were inoculated into one tube containing E7 H.  ITOH  AND  J.  L.  ~ELNICK  397 
serum, one containing CA9 serum, and a control tube containing M-E medium. The inoculated 
tubes were incubated at  37°C.  and observed for CPE.  The positive control cultures were 
harvested when 50 per cent or more of the cells showed cytopathic changes, usually 2 to 3 days 
after inoculation; these are referred to in the text as PITI  (one plaque plus one tube culture 
passage) virus. The sensitivity of the test was shown to be satisfactory from control experi- 
ments with artificial mixtures of virus. As tittle as 5 to 10 TCDn0 of either E7 or CA9 virus 
could be detected in the present of heterologous serum which could neutralize as much as 
8,000 TCDs0 of homologous virus. 
Mouse Pathogenicity Test.--Some P1T1 preparations were tested in 1-day-old Swiss mice. 
0.03 mi. of undiluted tissue culture fluid or of its 1 : 5 dilution was inoculated subcutaneously. 
The mice were kept under observation for 2 weeks for signs of Coxsackie infection. 
RESULTS 
The results of screening tests for microdrops containing virus are listed in 
Table I. The multiplicity of inoculum of each virus and the interval between 
two virus inoculations varied from experiment to experiment.  Because CA9 
virus multiplies at a faster rate than E7 in rhesus cultures, the latter virus was 
added first to avoid its being overgrown by CA9 virus. Since the reverse condi- 
tions held in patas cells, E7 was added first. 
Of tests on 288 control microdrops free from visible cells,  only 5 contained 
virus (1.7 per cent). It is possible that the virus in at least some of these was 
produced by a  cell that had been overlooked in the microscopic examination. 
The 5 individual microdrops contained 1,500,  1,000, 430,  20, and 10 PFU as 
determined in the differential plaque count tests. It is difficult to explain these 
values,  especially the first three,  as chance contamination with unadsorbed 
virus. Of the microdrops containing single cells, 112 of 949 were positive (11.8 
per cent). The PFU yields from individual cells ranged from 10 to 1,000 with 33 
cells yielding 60 to 190 PFU; 29 cells, 200 to 600 PFU; and 18 cells, more than 
600 PFU. 
In addition, the fluids of the last three experiments which had been negative 
in the tube screening tests were tested by the plaque method. Of these, one of 
81  control microdrops,  and  53  of 219  single cell  microdrops,  were positive. 
However,  the yield per cell  in this series of 54 positive specimens was low, 
ranging from 3 to 23 PFU. Thus, if no cell was seen in the microdrop, there was 
little chance of the drop containing any virus. It should be added here that of 
117  specimens which were positive in the  tube screening tests,  5  were  sub- 
sequently negative in  the plaque  test. 
Deficits in  Plaque  Counts.--Inhibition  by both  antisera  was  taken as  the 
first criterion for selection of those strains  exhibiting possible genetic inter- 
action.  Arbitrary criteria were  adopted  to  classify the microdrop specimens 
with respect to deficits in plaque counts. When the sum of plaque counts in the 
presence of each parent antiserum was 25 per cent (or less) of the plaque count 
in the control bottle, the specimen was called DF (deficit) q-; between 25 per 398  DOUBLE  IN~ECTIONS  0~'  SINGLE  CELLS 
cent and 63 per cent, DF±;  63 per cent or more, DF--. DF+  specimens yield- 
ing 5 plaques or less in the absence of antibody were classified as DF±  because 
of the uncertainty of double neutralization. The results of one experiment (No. 
8  of Table I),  are given in detail in Table II to illustrate the method. In this 
manner, 15 specimens were classified as DF+,  34 as DF±,  and 53 as DF--. 
TABLE  I 
Incidence of Infective Single Cells Derived  from Doubly Infected Monkey Kidney 
Monolayers* 
Exp. ! 
No. 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Monkey 
kidney 
Rhesus 
RJ~lesu$ 
Rhesus 
Rhesus 
Rhesus 
Patas 
Rhesus 
Rhesus 
Rhesus 
Patas 
Multi- 
pHcity 
i  of in- 
oculum~ 
ETI 
O 
32  631 
63  63~ 
63  63 
le 
80 180 
32 
63  25 
160 20C 
160 20C 
160 20~ 
Virus 
inocu- 
hted 
first 
E7 
E7 
E7 
E7 
CA9 
E7 
E7 
E7 
CA9 
The two 
virus 
inocula- 
tions 
0 
½ 
1 
2 
2 
1 
½ 
1 
Last 
inocula- 
tion and 
first wash 
~r$. 
3 
2~ 
2 
2 
2½ 
3 
2 
2~ 
2~ 
2~ 
Time between: 
End of 
distribution 
and freezing  of 
microdrop 
kf$. 
5½,  1676, 
24~ 
6 
6~ 
5 
5 
10 
4~ 
5½ 
6~ 
15 
No. of infective drop 
No. of drops tested 
Control:, 
cell-free i 
drops 
First 
inoculation 
and end of 
microdrop 
distribu- 
tion 
hrs. 
4% 
5 
4% 
6 
6 
6% 
5% 
5 
4% 
5 
0/45 
0/30 
O/25 
2/23 
0/34 
3/30 
0/19 
0/28 
0/32 
0/22 
Dro~ ~n° 
taming 
single celh 
17/143 
3/121 
8/87 
10/71 
21/136 
24/108 
13/48 
10/85 
5/79 
1/71 
Total ..........................................................  5/288  112/949 
* Infectivity tested in monkey kidney tubes. 
Multiplicity of inoculum indicates ratio of PFU inoculated to the number of cells in 
the culture. 
The antigenic analysis of the plaque progeny was carried out by the tube 
neutralization test  as described  above. An  example of the  analysis of DF+ 
microdrop No.  1495 is shown in Table III. This drop had been characterized 
by its yield of 23 PFU in the presence of normal monkey serum (NMS), and by 
its complete neutralization (i.e.  no plaques) in the presence of CA9 antiserum 
or of E7 antiserum. In Table III, representative tests are listed. In this way, 
extracts of 18 separate plaques were studied.  CA9 alone was found in the ex- 
tracts of 11 plaques, E7 in the extracts of 6 others, and one plaque yielded virus 
particles of both types. 
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drop were found to be reproducible in repeat tests, as shown in Table IV. The 
repeat data on 9 microdrops are presented. In addition, the antigenic identifica- 
tion of the virus progeny in P1 as determined by the tube neutralization test is 
shown for each of these microdrops. It will be recalled that all P1 progeny were 
from extracts of plaques obtained in the absence of either antiserum. It is clear 
that only DF+  and DF4- microdrops yielded both parental  type progeny, a 
finding which is discussed in greater detail below. 
TABLE II 
Antigenic Characterization of Microdrop Fluids  from Experiment No. g* by Means 
of Differential Pla~e Counts 
Mierodrop 
fluid No. 
1656 
1678 
1654 
1680 
1603 
1622 
1644 
1653 
1655 
1624 
163911 
PFU per 0.l ml. in the 
presence  of: 
Normal  CA9  E7 
serum  serum  serum 
t/t00  t/2oo  t/too 
21  0  0 
10  0  0 
7  1  0 
5  0  0 
2  0  0 
3  0  2 
23  0  29 
1  0  2 
18  0  24 
2  0  3 
3  0  8 
DF$ 
+ 
+ 
+ 
-4- 
-4- 
Type virus produced 
Doubly neutralized 
¢c  tc 
cc  ~¢ 
ct  t~ 
CA9 
CA9 
CA9 
CA9 
CA9 
CA9 
PFU§ 
yield per 
cell 
210 
100 
70 
50 
20 
30 
290 
20 
240 
30 
80 
* See Table I. 
:~ DF means deficit in plaque counts (see text for details). 
§ The plaque count in the presence of heterologous serum was used when it gave a higher 
figure than in normal monkey serum. 
[J This specimen was negative in the tube screening test, but yielded plaques in a subse- 
quent test. 
Results of the Antigenic Analyses.--Results obtained with 46 microdrops will 
be described in detail (see Table V). By the differential plaque counts (see Fig. 
1),  15 were established as DF+,  21 as DF-4-, and 10 as DF--. Twelve of the 
15 DF+  microdrops yielded plaque progeny (P1) of both parental types, that 
is,  some plaques yielded CA9 progeny and other plaques yielded E7 progeny. 
Only 7 of the 21 DF+  drops and none of the DF-- drops yielded both parental 
types. 
The results of the antigenic analysis of the P1 progeny were compared with 
the antigenic composition of the original microdrop as shown by the differential 
counts. The DF+  and DF-4- specimens could be divided antigenically into 3 TABLE III 
An Example of DF+ Microdrop No. 1495, Yielding the Two Parental Type Plaques 
as Shown in the Tube Neutralization  Test 
Plaque 
extraet No. 
P148 
PI50 
P634 
P635 
Serum present  in 
tube 
None 
CA9 
E7 
None 
CA9 
E7 
None 
CA9 
E7 
None 
CA9 
E7 
CPE scores on day ~ter inoculation: 
4* 
0 
4 
4 • 
0 
4 
4* 
2 
4* 
2* 
3 
0 
=i= 
4* 
2~ 
Antigenic interpretation 
E7 
CA9 
CA9 
CA9 and  E7 
CPE scores are rated q-, 1, 2, 3,  and 4,  according to the  extensiveness of degeneration 
in the cell sheet. 
None =  M-E medium; CA9 serum -  Coxsackie  A9 hyperimmune monkey serum, 1:500; 
E7 serum =  ECHO 7 hyperimmune monkey serum, 1:500. 
* Fluids were harvested on the days indicated and later tested in mice. 
This particular fluid was identified as CA9 in the subsequent neutralization test. 
TABLE IV 
Reproducibility of Differential Counts with Virus Particles Obtained/torn Mixrodrops 
and Antigenic Analysis of First Plaque (P1) Progeny 
Character of 
deficit 
DF+ 
DF+ 
DF-- 
Differential plaque counts of 
original microdrop specimen in the 
presence of: 
Microdrop No. 
NMS*  CAP  E7 
$eruru  serum 
1196  43  10  0 
13  3  0 
1656  21  0  0 
16  0  0 
1792  29  1  0 
17  2  0 
1123  33  17  0 
23  12  0 
1389  22  9  0 
14  5  0 
1576  23  15  0 
6  3  0 
9O3 
1494 
1579 
55 
38 
38 
71 
100 
47 
Antigenic  identification of 
plaque extracts (P1) 
0  59 
0  43 
0  51 
0  73 
95  0 
43  0 
No. 
plaques  CA9  E7 
tested 
29  1  28 
10  3  7 
32  2  30 
18  1  17 
9  0  9 
15  1  14 
16  16  0 
39  39  0 
25  0  25 
* NMS =  normal monkey serum in dilution 1:100. 
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arbitrary groups.  Examples are shown in Table VI.  If all the virus particles 
were neutralized by either antiserum,  the antigenic score was CA9  =  E7.  If 
the  virus  was  neutralized  completely by  CA9  serum,  but  some plaques  ap- 
peared in the presence of E7 serum, the score was CA9 >  ET. The reverse sit- 
uation was scored as E7  >  CA9. 
The plaque progeny (P1)  were analyzed by the  tube neutralization  test as 
described under Materials and Methods.  The results are shown in Table VII. 
Progeny from microdrops having an antigenic  score of CA9  >  E7  were pre- 
dominantly CA9. Thus of a total of 158 plaques derived from such microdrops, 
138 were CA9 and only 17 were E7. The reverse was observed in the E7 >  CA9 
microdrops: of a  total of 411  such plaques, only 13 were CA9 and 389 were E7. 
TABLE V 
Rdallonship  of DF Character of Microdrop to the Viral Types Found in P1 Progeny 
No. of micro- 
drops tested 
No. of microdrops yielding plaques of antigenic type: 
Microdrop character 
CA9 and E7*  E7  CA9 
DFq-  15  12  3  0 
DFq-  21  7  12  2 
DF--  10  0  4  6 
Total ...................  46  19  19  8 
* Both CA9 and E7 plaques were obtained, but, except for a single instance only one 
virus type was obtained from each plaque. 
The C7  =  CA9 microdrops yielded a  more nearly even ratio of  CA9  and  E7 
progeny: of 147 plaques, 42 were CA9 and 104 were E7. In the progeny of the 
DF-- microdrops, i.e.  those which yielded either CA9 or E7  microdrops,  the 
CA9  microdrops  yielded only CA9 progeny and in  turn,  the E7  microdrops 
gave only E7 progeny. Only 10 microdrops of DF-  character are listed, for even 
though over 50 were found, they gave essentially similar results. 
A total of 16 plaque extracts yielded particles which were seemingly doubly 
neutralized, i.e. the virus grew in the control tube but not in the tube contain- 
ing either of the antisera. The significance of these findings is cast in doubt by 
the following observations. While  these plaque extracts yielded virus only in 
the absence of either antiserum, a similar number, 21 of 1084 tested, grew in the 
presence of heterologous antiserum but not in the control tube. 
The 16 seemingly doubly neutralized viruses (P1) were given a further tube 
passage and the later progeny (P1T1)  analyzed again. As shown in the right- 
hand section of Table VII, the later progeny could be clearly characterized as 
one or the other of the parental viruses. 402  DOUBLE  INFECTIONS  OF  SINGLE  CELLS 
TABLE VI 
Antigenic Score of Microdrop Specimens as Determined  from Differential Plaque 
Counts in the Presence of Normal Monkey Serum, Coxsackie A9 Serum, and 
ECHO 7 Serum 
Microdrop No. 
1071 
1480 
1495 
714 
737 
1189 
1184 
1196 
1792 
Differential  plaque counts in presence  of: 
NMS* 
19 
14 
23 
21 
19 
21 
57 
43 
17 
CA9 serum 
18 
10 
2 
E7 sertun 
10 
3 
5 
Antigenic  score 
CA9 ffi  E7 
CA9 >  E7 
E7  >  CA9 
* NMS  ffi  normal monkey serum. 
TABLE VII 
Genetic Analysis of Viral Progeny from Microdrops in R~ to De  fwlt Character 
and Antigenic Score of the Microdrop 
MicrodroI~ 
P1T! pmget  the 
PI  progeny  doub.ly  neutn  ~  PI 
vn'us (cob  7) 
Deficit  Antigenic  score  character 
DF-k  CA9 >  E7 
E7  ffi  CA9 
E7  >  CA9 
Total 
DF+  CA9 >  E7 
E7  ffi  CA9 
E7  >  CA9 
Total 
DF--  CA9 
E7 
Total 
Total. 
Antigenic type:  Antigenic type: 
No.  No.  micro-  drops  plaques  Seemingly  Doubly 
tested  tested CA9  E7  doubly  CA9  E7  neutral-  neutral- 
ized*  ised* 
2  47  38  9  0 
7  147  42  104  1  0  1  0 
6  113  9  103  1  0  1  0 
15  307  89  216  2  0  2  0 
5  111  100  8  3  3  0  0 
0 
16  298  4  286  8  0  8  0 
21  409  104  294  11  3  8  0 
6  141  140  0  1  1  0  0 
4  75  0  73  2  0  2  0 
10  216  140  73  3  I  1  2  0 
46  932  333  583  16  I  4  12  0 
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Influence of Time between Addition of the First and the Second  Virus on the 
Antigenic Character of the Microdrop.--In the course of the experiments listed in 
Table I, the time between the two virus inoculations varied from 0 to 2 hours. 
The effects of this variable are analyzed in Table VIII. When both viruses were 
added simultaneously, the virus particles which appeared were either CA9 or 
CA9 >  E7 in character, in 16 of 17 microdrops studied. When the culture was 
given a preliminary incubation of ~  to 1 hour with ET, then the number of pre- 
dominantly CA9 yielders was proportionately reduced to 16 of 26, and 7 cells 
now yielded viruses whose character was  E7  =  CA9.  When  the period was 
lengthened to  1~  to 2  hours,  24 of 36 cells now yielded predominantly E7 
viruses, although 9 were still predominantly CA9. Two experiments were carried 
TABLE VIII 
Effect of the Time Interval Between the Addition of the First and the Second Virus 
on the Antigenic Character of the Microdrops 
No. of 
experi- 
ments 
Monkey kidney 
P~leSUS 
P~esus 
Rhesus 
Patas 
Virus 
inoculated 
first 
E7 
E7 
CA9 
Total 
Time between  No. 
the two virus  micro- 
inoculations  drops 
analyzed 
0 
2 
17 
26 
36 
19 
Antigenic score 
CA9 plus  E7 ffi CA9  E7 plus 
CA9 > E7  E7 >  CA9 
16  1  0 
16  7  3 
9  3  24 
6  7  6 
out in patas cells, but only one which yielded a significant number of infective 
microdrops has been considered. Preliminary experiments had shown that E7 
grew more rapidly than CA9,  and for that reason CA9 was introduced first, 
followed 2 hours later by E7. This yielded a convenient distribution of micro- 
drops with different antigenic characteristics: 6  were predominantly CA9,  6 
were predominantly E7, and 7 were of the CA9 =  E7 variety. 
Interference between these two viruses could be shown markedly if the one 
with the shorter multiplication cycle (CA9, in rhesus cultures) was inoculated 
first. If the slower one (E7) was added first, the second virus (CA9) could be 
added up to 2 hours later and still a  significant number of cells yielded virus 
either predominantly of the CA9 type or of the E7  =  CA9 type. For patas 
cultures, in which E7 multiplies faster than CA9, the converse was true. 
Pathogenicity of PIT1 Progeny for Newborn Mice.--A number of strains de- 
rived by P1T1 passage from microdrops with doubly neutralizable virus popu- 
lations were tested for mouse pathogenicity to determine whether this character 
might have been gained by E7 or lost by CA9. No shift was found; all 67 strains 
antigenically CA9 retained their ability to kill suckling mice, whereas none of 
the 222  with E7 antigenicity acquired it. 404  DOUBLE  INFECTIONS OP SINGLE CELLS 
Control tests indicated that undiluted E7 stock virus did not interfere with 
the CA9 stock virus when inoculated together in the mouse. Also in other con- 
trol tests in which a 10  -a dilution of P1T1 virus, typing as CA9, was mixed with 
undiluted P1T1  viruses typing as ET, no masking of the CA9 pathogenicity 
could be demonstrated. 
DISCUSSION 
The advantages of single cells for studying mixed viral infections have been 
demonstrated in this study with two enteroviruses,  when one compares  the 
relative ease of interpreting the results with those of our previous study using 
cell monolayer cultures (8, 9). It was possible to follow the yield of virus par- 
ticles in a  single cell, to determine their antigenic composition, and to obtain 
plaque-line progeny of the virus particles. 
Only 12 per cent of single cells yielded virus when a portion of the harvest 
was screened in a single tube culture. An additional 24 per cent of cells were 
positive with low virus  yields, but  only when tested  by the more sensitive 
plaque method. Thus a total of 36 per cent of microdrops containing single cells 
produced virus, as contrasted with a  total of 3 per cent virus recovery, both 
high and low, from control microdrops without microscopically visible cells. 
Of the 102 microdrops containing infected single cells and subjected to analy- 
sis, 15 were doubly antigenic for Coxsackie A9 and ECHO 7, that is, at least 75 
per cent of the virus in one microdrop was neutralized by each of the two anti- 
sera (positive deficit); 53 were singly antigenic, that is, all of the virus was neu- 
tralized by one but not by the other antiserum. Intermediate values, 37 to 75 
per cent deficits, were obtained for harvests of 34 microdrops. 
The  doubly antigenic particles  on passage  segregated into parental  types 
during the virus multiplication cycles attendant on plaque formation and tube 
culture passage. Phenotypic mixing (2-6)  is considered as the most probable 
explanation of these results.  As with other viruses,  the doubly neutralizable 
particle might be regarded as being made up of a genetic core and surface anti- 
gen.  Phenotypic particles may be  regarded  as  having an additional surface 
antigen heterologons to the genetic core,  or mosaic surface antigens composed 
of the two parental  types. The conditions under which two kinds of genetic 
core are produced side by side intracellularly might well favor the production of 
such mixed surface antigenicities. A  single particle with two distinct genetic 
cores,  one of each virus, and mixed antigenic coats, would also be expected to 
behave like a phenotypic mixture, i.e.,  be doubly neutralizable but on passage 
breed the pure parental types. Some tentative support for such a possibility is 
seen in the electron micrographs of virus particles of the herpes group (14),  in 
which particles were found with double cores enclosed by one membrane. 
Doubly neutralizable viral populations from a microdrop did not appear to 
originate from two cells or accompanying cell debris, for there was a  close cot- H.  ITOH  AND  ~.  L.  MELNICK  405 
relation between  the deficit character of the first generation of virus and the 
subsequent yield of both parents in the later progeny (see Table VII). Artificial 
mixtures of the CA9 and E7 viruses did not exhibit any deficit, and, in addition, 
the low percentage of virus recovery from the control microdrops supports the 
single cell origin of the mixed populations. 
In the course of plating, a few microdrops yielded both parental type viruses 
in the same plaque. Because of the limited amount of work carried out on such 
plaque progeny, they are not considered in this paper.  Either they represent a 
chance  occurrence of a plaque produced by two virus particles  lodging close 
together on the monolayer sheet,  or they result from a splitting of a pheno- 
typically  mixed virus particle into the parental types in the course of the plaque 
growth. 
Owing to the small volume of the microdrop  specimen, all mouse tests had 
to be carried out with passage viruses (P1T1) in which the antigenic characters 
had already segregated.  Mouse pathogenicity was found only in the strains 
antigenically  identified as Coxsackie Ag. 
Recently the polioviruses,  the  ECHO viruses,  and  the  Coxsackie viruses 
have been  brought together as a  single group  of enteroviruses  (7). The fact 
that different members of the group, a Coxsackie and an ECHO virus, can form 
phenotypic mixtures within a cell adds support to the concept that these viruses 
should be classified together. 
SLrMMARY 
Virus particles derived from single cells infected with two enteroviruses have 
been  studied. Evidence was  obtained to indicate that phenotypic, but  not 
genotypic, mixing  occurs  between  Coxsackie A9  (CA9) and  ECHO  7  (E7) 
viruses. 
Monkey kidney cultures in monolayer were doubly infected with high multi- 
plicities  of CA9 and E7 viruses.  During the latent period,  the infected cells 
were suspended, diluted, and distributed under oil into droplets each containing 
a single cell, as checked by microscopic observation. 
The  virus  particles  released  by individual cells into  the  microdrop  were 
characterized in differential plaque neutralization tests.  Fifteen per cent of the 
microdrops contained doubly neutralizable  particles,  53 per cent yielded either 
CA9 or E7  particles,  and 34 yielded particles  of an intermediate character 
(deficits between 37 and 75 per cent). 
On passage, the doubly neutralizable particles yielded progeny of both paren- 
tal types. All passage strains behaved like the corresponding  parent strain as 
regards pathogenicity for newborn mice, which is to say that this property was 
limited to virus particles with CA9 antigenlcity. 
Coxsackie A9 has a more rapid growth cycle than ECHO 7 in rhesus monkey 
kidney cell cultures,  and a slower one in paras cultures.  In rhesus,  when E7 405  DOUBLE  INFECTIONS  OF  SINGLE  CELLS 
virus was added first, CA9 could be added up to 2 hours later, and still a sig- 
niiicant number of cells yielded either CA9 or doubly neutralizable virus. The 
converse was observed in patas cells. 
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